to quantitatively predict the turbulent burning velocity over a wide range of pressures and turbulent intensities in homogeneous isotropic turbulence.
Introduction
The turbulent burning velocity s T is one of the most important quantities characterizing turbulent premixed combustion [1] [2] [3] . Extensive efforts have been made to investigate the dependence of s T on various factors such as the fuel composition and chemistry, turbulence intensity, and pressure.
Considering engine relevant conditions, the pressure influence on s T has been widely reported in experimental works [4] [5] [6] [7] [8] [9] [10] . Most studies noticed that the laminar burning velocity s 0 L of unstretched flames decreases with pressure, whereas s T is insensitive to or even increased with pressure [7] , so the ratio s T /s 0 L rises with pressure. Another important observation is the suppression of the "bending" effect [2] of s T /s 0 L at elevated pressures [4, 5] . These phenomena have been attributed to small-scale wrinkling of turbulent flame surfaces [5, 11] . Various power laws and scaling methods [7, 10] have been proposed to collapse s T curves with respect to pressure, but the pressure effects on s T has not been clearly elucidated and quantitatively modeled.
The direct numerical simulation (DNS) is useful to interrogate detailed information of turbulent combustion [12] . Eulerian [13, 14] and Lagrangian [15] investigations have been employed to explain interactions between turbulence and local flame speed, and to develop correlations between flame stretch and s T [16] . The bending curve has been reproduced by DNS [17, 18] at 1 atm, confirming it is caused by the inhibited growth of flame areas.
In recent years, three-dimensional DNS of turbulent premixed flames at elevated pressures were reported by several groups for practical interest [19] [20] [21] [22] . Savard et al. [19] studied pressure effects on complex fuels in engine relevant conditions. By comparing turbulent flame statistics at 1 and 20 atm with the same Karlovitz number, they argued that the flame area, rather than the stretch factor, causes differences in s T for iso-octane. Wang et al. [20] reported a series of DNS of lean methane/air turbulent flames with various turbulence intensities at 20 atm, and also found that the flame area is the dominant factor for s T . By contrast, some experimental studies [7, 23] indicated that the stretch sensitivity could be crucial for mixtures with negative Markstein numbers.
A predictive model of s T is of practical interest for industrial design and combustion modeling [1, 24] . A number of empirical models have been proposed for s T [2, 3] . However, most of them are not validated over the wide range of pressures and turbulence intensities, and the various power-law scalings strongly depend on empirical parameters [2, 3] . Recently, You and Yang [18] proposed a s T model based on Lagrangian statistics of propagating surfaces [25, 26] . By estimating the flame area with universal model constants obtained from homogeneous isotropic turbulence (HIT), the model successfully predicts s T /s 0 L for various fuels at 1 atm, but the constant s 0 L used in the modeled area growth rate of flames limits its application to standard pressure.
In this work, we carry out a systematic DNS study of lean H 2 /air turbu-lent premixed flames at a wide range of pressures and turbulence intensities.
Statistics of s T and flame surface areas are investigated to gain insight of underlying governing processes for the bending of s T . Effects of the flame stretch on local flame propagation in turbulent flames are then analyzed thoroughly over the wide range of parameters. According to the analysis, we propose a new model for predicting s T , considering variations of both the stretch factor and flame area with respect to pressure. Finally, the model is validated by DNS results.
Simulation overview

DNS parameters
For the DNS of turbulent premixed flames, we consider the free propagation of a statistical planar premixed flame along the streamwise direction in statistically stationary HIT at a range of pressures p = 1, 2, 5, 10 atm.
The unburnt gas is a lean hydorgen/air mixture with the equivalence ratio 0.6 at the temperature T u = 300 K. For each pressure, the thermal thickness 
defined as the ratio of the integral timescale τ e and the flame timescale τ f .
The Karlovitz number Ka
is defined with the dissipation rate [14] . The turbulence Reynolds number Re = Re 0 Re F is linked with 
Numerical methods
The present DNS solves the low Mach number, variable density formulation of transport equations for mass, momentum, species, and temperature using the NGA code [27] , with the Strang splitting applied for transportchemistry coupling [28] . For the transport part, equations are advanced by an iterative semi-implicit Crank-Nicolson scheme [29] . A second-order centered, kinetic-energy conservative finite difference scheme is used for discretizing spatial derivatives in momentum equations, and a third-order bounded QUICK scheme [30] is used for treating convection terms in scalar transport equations of species mass fractions and temperature. The time integration of chemical substep is performed by the stiff solver DVODE [31] . The detailed nine-species H 2 /air mechanism [32] is employed, and molecular transport is modeled with constant Lewis numbers for each species [33] . Each DNS case is first run for at least 10τ e to reach a statistically stationary state, and then statistics are calculated over a period of at least 15τ e .
The computational domain is a cuboid with sides
This domain is discretized on uniform grid points
The numerical resolution in all the cases is ensured to resolve the smallest turbulent and flame length scales by the criterion k max η ≥ 1.5 [34] and a minimum of 24 grid points within a flame thickness δ 0 L , respectively, where k max = πN/L is the maximum wavenumber magnitude in DNS of HIT and η is the Kolmogorov length scale. To meet the criteria, we set N = 128 for all the cases listed in Table 2 The setup and accuracy of the DNS solver have been validated in Ref. [18] .
Results and discussions
Turbulent burning velocity and flame area
We define the turbulent burning velocity by the consumption speed
where the subscript u is for unburnt conditions, A L = L y × L z is the laminar flame area, t 2 − t 1 is the period for collecting statistics,ω F is the fuel consumption rate, and Ω denotes the entire computational domain. The turbulent flame area A T is evaluated at the isothermal surface of T = T [19, 21] . Additionally, the temperature around the flame front at 10 atm is much higher than that at 1 atm. 
where · denotes the average over the turbulent flame front. This expression distinguishes contributions to s T into the area ratio from turbulence effects and the stretch factor due to the flame response under flow variations. Therefore, Eq. (2) and the different bending trends of s T /s 0 L and A T /A L in Fig. 1 suggest that I 0 should depend on both turbulent intensity and pressure.
Stretch factor
The stretch factor is close to unity at standard pressure, but it can vary at elevated pressures. Thus we study the effects of turbulence intensity and pressure on I 0 in detail, along with the investigation on flame stretching and its influence on local flame speed.
The stretch factor
is estimated using the local displacement speed [15] 
calculated on the isothermal surface of T = T F peak , where λ is the thermal conductivity, c p and c p,i are respectively heat capacities of mixture and species i, j i is the diffusion flux of species i, n s is the number of species, andω T is the thermal production term. Then Eq. (2) is approximated by
To compare different stretch effects, the stretch Karlovitz number Ka S = [16] , where a t = ∇ · u − nn :∇u is the tangential strain rate, and κ = ∇ · n is the mean curvature with the surface normal n = −∇T /|∇T |. All these quantities are first calculated in Ω and then interpolated to the flame surface [13] . 
Modeling of s T at high pressures
We propose a predictive model for s T at a range of pressures and turbulent intensities. Based on the validation of Eq. (5), the stretch factor and the flame area ratio are modeled separately. 
where an empirical relation Ka (1.742 + 0.182s
We remark that Eq. (8) 
Conclusions
We elucidate the pressure effects on s T and propose a predictive s T model for turbulent premixed flames. First we carried out a series of DNS for lean From the analysis on DNS results, we extend the s T model for standard pressure [18] to high pressures via modeled I 0 . We find that the variation of It is noted that the present study only considers the unburnt mixture with negative Markstein numbers in HIT, and the unity ratio of the turbulence length scale and flame thickness. In the future work, s T for different fuels and flame geometries at elevated pressures will be investigated with further validations of the proposed s T model.
